ABSTRACT Characterizing temperature responses of predatory insects is an important part of understanding their life history, and is often necessary for predicting their potential as bio-control agents of herbivorous insects. To illustrate the power of current methods of calorespirometry in determining the response of energy metabolism to environmental variables, we used isothermal calorimetry to measure metabolic heat and CO 2 production rates of convergent lady beetles (Hippodamia convergens, Gué rin-Mé neville) as a function of temperature. For comparison, CO 2 production rates were also measured with an infrared gas analyzer. Anabolic rates and energy use efÞciencies were calculated as functions of temperature from the calorespirometric data. For this species, both heat and CO 2 rates are small (Ϸ1 W/mg and 8 pmol/s/mg, respectively) and essentially constant below 10ЊC, above which both rise approximately linearly up to Ϸ15 W/mg and 50 pmol/s/mg at 40ЊC. The anabolic rate is approximately zero below 0ЊC, rises to a broad maximum of Ϸ7 W/mg around 20ЊC, decreases above 25ЊC, and then exhibits an increase due to stress above 35ЊC. Energy use efÞciency is roughly constant at Ϸ70% from 0 to 15ЊC, above which it decreases to Ϸ25% from 30 to 40ЊC. The beetles are predicted to be most successful in the temperature range from 10 to 35ЊC, with an optimum from 15 to 25ЊC. These conclusions agree with results from behavioral studies, but the calorespirometric methods are much faster, less labor intensive, and can be applied to any stage of development.
BECAUSE OF INCREASED interest in using insects as biological control agents, interest in the biogeographical distribution of insects is also increasing. Thus, links between variation in physiological processes and observed macroecological patterns have been sought using several models and theories (Schowalter, 2000) . To test these ecophysiological models and theories, more precise data on physiological characteristics of insects is needed. Empirical methods for testing genetically altered or exotic species may take many years. Rapid methods for characterizing responses of insects to environmental variables could increase the efÞciency of Þeld trials and production of genetically altered insects with desirable characteristics. As an illustration of the power of current calorespirometric methods, this paper reports the results of a study on the respiratory metabolism of adult convergent lady beetles, Hippodamia convergens, Gué rin-Mé neville.
Calorespirometric measurement of metabolic heat and CO 2 production rates of plants has provided information on responses of growth rate, metabolic pathways and energy use efÞciency to environmental variables (Hansen et al. 1994a , Criddle and Hansen 1999 , Smith et al. 1999 . One purpose of this study is to apply these methods to an insect, and in doing so, determine necessary modiÞcations of methods and theory. This study measured metabolic heat rates (R q ) and respiratory CO 2 rates (R CO2 ) of Hippodamia convergens Gué rin-Mé neville at several temperatures. (The symbols used in this paper are generally in accord with standard symbols and nomenclature used in thermodynamics and calorimetry [Mills et al. 1993] ). This methodology allows rapid determination of the responses of energy metabolism to temperature and other environmental variables. With further development, the method may be useful for rapidly identifying suitable conditions for beneÞcial insects to be introduced for biological control, as well as optimal conditions for mass-rearing.
Several different calorimeters based on the law of heat conduction (NewtonÕs law of cooling) are commercially available. These calorimeters directly measure heat rates in the range of a few microwatts (W or Joules/s) to milliwatts while maintaining the sample in an essentially isothermal state (Lamprecht and Schmolz 1999) . Calorimetry was Þrst applied to insects more than 50 yr ago (Lamprecht and Schmolz 1999) , but has rarely been used because calorimetric measurements alone provide the same information as traditional gas exchange measurements. Combination of measurements of metabolic heat rate with either CO 2 production rate or O 2 use rate (i.e., calorespirometry) provides far more information. Measurement of both O 2 and CO 2 rates simultaneously with heat rate is an even more powerful method. However, existing methods for gas phase measurement of O 2 rates that are compatible with calorespirometry, and which have the required precision are currently too difÞcult to use for routine measurements. Therefore, in this study we chose to measure only CO 2 rates by an existing, simple calorimetric method that has previously been veriÞed against WarburgÕs method (Umbreit 1972 , Criddle et al. 1991 , Fontana et al. 1995 .
Theory. Aerobic respiration may be divided into two processes: catabolism in which substrate carbon is oxidized to produce CO 2 , ATP, and reducing equivalents in the form of NADH; and anabolism in which substrate is converted into new cells and storage and structural materials. Carbon dioxide production rate, R CO2 , is a measure of the catabolic rate in terms of carbon. Heat production rate, R q , measures the sum of the catabolic and anabolic rates in terms of energy. If the overall respiratory process is accurately described by the reaction C substrate ϩ xO 2 3 C anabolic products ϩ (1Ϫ) CO 2 , [1] then R CO2 can be converted into an energy rate from knowledge of the substrate oxidation state or respiratory quotient and by use of ThorntonÕs rule (Thornton 1917 , Gary et al. 1995 , Battley 1999 , Lamprecht and Schmolz 1999 . ThorntonÕs rule states that the heat of oxidation of organic compounds is the same when expressed per mole of O 2 . This conversion allows subtraction of the measured metabolic heat rate (i.e., rate of energy loss to the environment) from the rate of energy generated by catabolism to give the anabolic rate in terms of the rate of energy storage in new materials with the substrate as the reference energy state (equation 2) (Criddle and Hansen, 1999; Hansen et al. 1994b) ,
where R ANAB is the anabolic rate in C-moles per mass of insect per unit time,⌬H B is the enthalpy change for the anabolic process, ␥ s is the chemical oxidation state of carbon in the substrate, and ⌬H O2 is the constant from ThorntonÕs rule, -455 Ϯ 15 kJ/mol O 2 . The value of ␥ s can be estimated from the respiratory quotient, R O2 /R CO2 (Wrigglesworth 1997) .
The ratio of the anabolic rate to the CO 2 production rate is given by equation 3, where the is the substrate carbon conversion efÞciency. R ANAB /R CO2 ϭ /(1 Ϫ ).
[3]
Equation 3 expresses the anabolic rate as the product of a rate (R CO2 ) and an efÞciency term [/(1-)], both of which vary with environmental conditions. The effects of environmental variables on both terms, separately, must be known to understand how metabolism and thereby R ANAB responds to environmental variables. An advantage of calorespirometry over respirometry, which measures only R CO2 and/or R O2 , is shown by equation 3. R CO2 can be high, but if is small, R ANAB will still be slow. If is large, anabolism can be rapid even if R CO2 is small. Thus, both rate and efÞ-ciency must be known to understand the effects of environmental variables on R ANAB . Because anabolism encompasses all of the processes of growth and development, R ANAB is in essence a measure of development rate. Substrate carbon conversion efÞciency can also be expressed as a function of the same parameters in equation 2 (Criddle et al. 1991, Criddle and . Substitution of equation 3 into equation 2 to eliminate R ANAB and rearranging gives equation 4.
[4]
Alternatively, efÞciency can be expressed as the fraction of the enthalpy from catabolism that is stored as chemical energy (enthalpy) in the products of biosynthesis (equation 5).
Materials and Methods Test Insects. Field collected H. convergens lady beetles were purchased from Rincon-Vitova Insectaries (Ventura, CA) and maintained according to the procedure of Hamilton et al. (1999) . Green peach aphids, Myzus persicae (Sulzer), were reared on Scarlet White Tip radishes (The Chas. Lily, Portland, OR) growing in a green house with a temperature of 23ЊC and 70% humidity. Each adult beetle (male or female) used in the study weighed Ϸ17 Ϯ 3 mg (mean weight Ϯ SD)
Calorimetric Equipment and Methods. The necessary criteria for selection of a calorimeter for this kind of study are as follows: (1) The insect must Þt into the measuring cell with sufÞcient space to provide oxygen for respiration. (2) The cell must be readily accessible, but sealed to prevent evaporation or condensation of water with its attendant large heat effects. (3) The uncertainty in heat rate must be a few W or less depending on sample size. (4) Calorimetric temperature must be capable of being changed quickly and must cover the necessary range.
The calorimeters (Hart ScientiÞc -model 7707 and Calorimetry Sciences Corporation MCDSC model 4100) used in this study measure heat rate directly while scanning temperature or under constant temperature conditions. In this study, the calorimeters were operated in the isothermal mode at constant temperatures from Ϫ10 to 45ЊC. Each calorimeter had four removable 1-cm 3 ampules. One ampule was a thermal reference and the other three made independent heat rate measurements. Heat rate data were collected every 60 s on all three sample ampules during an experiment.
The sealed, metal ampules required about 12 min to reach thermal equilibrium, followed by a steady-state rate indicative of the metabolic heat production rate. After thermal equilibration was reached, data were collected for 25 min. Then, to measure the CO 2 production rate, the ampules were opened and a small vial (40 l) of 0.4 M NaOH placed in each ampule. The NaOH absorbs CO 2 to produce Na 2 CO 3 and liberates additional heat at a rate proportional to the CO 2 rate (Criddle and Hansen 1999) . The steady-state heat rate was measured again after the NaOH trap was added and thermal equilibrium again reached. After the CO 2 rate measurement, the ampules were opened, the NaOH removed and heat rates were measured again. Heat rates measured before and after addition of NaOH were averaged to obtain the metabolic heat rate in microwatts (W). The difference between the heat rate produced by the samples with and without NaOH gives the heat rate produced by the CO 2 reaction. Carbon dioxide production rate was then calculated by dividing the CO 2 heat rate by 108.5 kJ/mol, the heat of reaction of CO 2 with NaOH (aqueous) (Wagman et al. 1982 ). Fig. 1 shows an example of the data collected in one experiment. The data in Fig. 1 shows a stable heat rate over each of the three 25-min measurement periods indicating the beetles were not varying their activity or metabolism. (i.e., discontinuous gas exchange or movement) during this time.
SpeciÞc heat rates (W/mg) were obtained through division by the mass of the beetles in the ampule measured at the beginning of experiment. Each beetle was used at only one temperature and all experiments were replicated eight times.
Measured heat rates ranged from near zero at and below 0ЊC to Ϸ500 W at 40ЊC. Because the heat evolved per milliliter of O 2 (at one atm) consumed by living organisms is Ϸ20 J whatever the fuel (Wrigglesworth 1997), and the ampules contained Ͼ0.1 ml of O 2 , there was sufÞcient air to provide oxygen for the 45 min to an hour required for a measurement (2J, maximum). The effect of increasing CO 2 during a measurement is of more concern, because CO 2 could reach up to 20% in the ampules. However, if this has a signiÞcant effect on metabolism it would become apparent during the 25-min measurement period, probably as a decrease in the respiratory heat rate. For temperatures from Ϫ10 to 25ЊC, two beetles were placed in each ampule. At temperatures above 30ЊC only one beetle was placed in each ampule to eliminate the possibility of oxygen depletion. Because the sample ampule lid extended above the measuring zone of the calorimeter, the beetles were kept in the lower two-thirds of the ampule by placing a cage over them. Cages were constructed by rolling 8 cm long by 1 cm wide Þlter paper strips into a cylinder that Þt in the ampule, and gluing a nylon mesh screen to the top of the cylinder. Instrument baselines were determined with all ampules empty. Blanks were run with empty cages in the three sample-ampules. Empty cages did not produce a measurable heat effect.
CO 2 Readings with an Infrared Gas Analyzer. Carbon dioxide production rates of lady beetles were also measured with an infrared CO 2 gas analyzer (model CI-302 from CID, Vancouver, WA) at temperatures ranging from 0 to 40ЊC. Lady beetles were weighed and placed in a glass cuvette connected in a closed system to the gas analyzer with a gas ßow rate of 0.5 liter/min. Respiratory response to temperature was obtained by submerging the sealed cuvette in a constant temperature bath for 5 min before measuring respiration at a given temperature. Three readings of 60 s each from each beetle were taken and averaged. Five beetles each were tested at a given temperature and not reused. SpeciÞc CO 2 production rates were obtained by dividing the CO 2 rate by the beetle mass. All respiration rates are expressed on a fresh mass basis (pmol CO 2 mg Ϫ1 s
Ϫ1
). We compared R CO2 readings from calorimetry and the infrared gas analyzer by calculating simple linear regression equations for both methodologies. The two slopes and intercepts were compared using a StudentÕs t-test in a fashion analogous to that of testing for differences between two population means.
Results
R CO2 data obtained with the CO 2 gas analyzer and calorimeter were compared at temperatures from 0Ð40ЊC (Fig. 2) . The two methods also compared the respiration rate and its temperature dependency of adult lady beetles in dark conditions and longer periods in the calorimeter versus the lighted conditions and short periods in the CO 2 analyzer. The temperature dependence of R CO2 is given by the slopes of the linear regressions of the average values of the two data sets. The respiration rates determined by the two methods are evaluated by comparison of the intercepts. The coefÞcients of determination were significant for both the gas analyzer (y ϭ 0.524ϩ1.362x, F ϭ 34.81; df ϭ 1, 7; R 2 ϭ 0.8325) and the calorimeter (y ϭ 4.29ϩ1.036x, F ϭ 126.18; df ϭ 1, 7; R 2 ϭ 0.947). High R 2 values indicate that most of the variation in R CO2 values measured by both the CO 2 gas analyzer and calorimeter are accounted for by increasing temperatures. The slopes (t (2)14 ϭ 1.313, 0.2 Ͻ P Ͻ 0.5) and intercepts (t (2)14 ϭ 0.3, P Ͼ 0.05) of the two regression analyses were not signiÞcantly different showing that the metabolism was the same in both instruments. Fig. 1 . Sample thermogram of two convergent lady beetles at 25ЊC. First part of the graph shows the heat production rate of lady beetles in a sample ampule without NaOH, the second part shows heat production rate when NaOH is present, and the third part shows the heat production rate without NaOH.
Thus, light and dark measurement time made no signiÞcant difference in the results.
The measured metabolic heat production rate was compared with the rate of heat produced from the catabolic oxidation reaction (i.e., 455R CO2 assuming ␥ s ϭ 0) in Fig. 3 . Beetles placed in the calorimeter at 45ЊC died, so no data are shown above 40ЊC. The heat rate (R q ) is small and relatively constant from Ϫ10 to ϩ10ЊC, above which it increases in an approximately linear fashion. R CO2 values increase above 0ЊC, but were uniformly negative at Ϫ5ЊC and near zero at Ϫ10ЊC. Beetles survived the low temperatures.
The ratio R q /R CO2 and SD values (Fig. 4) were calculated through Þrst averaging all R q and R CO2 values at each temperature and computing their SD values. The ratio was then constructed using these average values of R q and R CO2 . The ratio decreased from a positive value at Ϫ10ЊC to a negative value at -5ЊC, was relatively constant at Ϸ105 kJ/mol from 0 to 10ЊC, then increased approximately linearly from 10 to 40ЊC to a maximum of 333 kJ/mol (Fig. 4) . (The least squares Þtted line between 10Њ to 40ЊC was y ϭ 33.03ϩ8.08x, F ϭ 95.937; df 1, 5; P Ͻ 0.0005). The calculated anabolic heat rate, R ANAB ⌬H B , was near zero at Ϫ10ЊC, negative at Ϫ5ЊC, increased at temperatures from Ϫ5Њ to 15ЊC, then remained relatively constant at Ϸ7.2 W/mg at temperatures above 15ЊC (Fig. 5) .
Discussion
Release of respiratory CO 2 by insects can be discontinuous, occurring in short, periodic bursts. Movement inside the cages, which causes an increase in metabolic rate, is also possible. If such events occur, they are easily discerned in the calorimetric output (Prat 1963 ). Because the instrument noise level of the calorimeters used is Ͻ0.5 W, perturbations in the raw data curves larger than this during the 25-min measurement period are due to such events. Such perturbations were present in this study, but they were small compared with the total signal (Fig. 1) . Also, given the very different time periods for measurement, the agreement between the calorimetric and gas analyzer data show that discontinuous events did not affect the results. The beetles used in this study apparently did not exhibit strong discontinuous behavior.
Temperature acts on insects as a stressor when it drops below or increases above the insectÕs optimum temperature range. R q and R CO2 values generally in- Fig. 2 . Linear regression of R CO2 values measured by a CO 2 analyzer (ࡗ) and a calorimeter (f) against temperature. Dashed line is the Þtted regression line for the CO 2 analyzer data (y ϭ 0.524ϩ1.362x) and the solid line is that of the calorimeter data (y ϭ 4.29ϩ1.036x). Vertical bars indicate SD means for 15 measurements with the CO 2 analyzer and 24 measurements with the calorimeter per temperature. Fig. 3 . Measurements of the effects of temperature on metabolic heat rates (R q , f) and respiration rates (455R CO2 , ࡗ) of convergent lady beetles. Vertical bars indicate SD of 24 measurements per temperature. creased as temperature increased from 0ЊC to Ϸ40ЊC (Fig. 2Ð3) . Heat rates (R q ) below 0ЊC were low, and measured R CO2 rates were negative at Ϫ5ЊC. The negative value is probably an artifact, caused by the very small CO 2 rates measured at these temperatures. The beetles survived the low temperatures, but not temperatures above 40ЊC.
Because R q and R CO2 have different temperature dependencies, the ratio R q /R CO2 changed continuously with temperature (Fig. 4) . The increase in this ratio shows that the metabolic efÞciency for producing biosynthetic products decreased as the temperature increased from Ϸ10Ð40ЊC. Because the beetles used in this study are adults, the energy conserved in anabolism (see Fig. 5 ) was not used for growth, i.e., increasing the size of the beetle, but was used for purposes such as egg maturation and lipid synthesis. The data suggest that increasing temperature increases the energy requirements for these processes.
The R q /R CO2 ratios at temperatures above 0ЊC are all less than Ϸ333 kJ/mol which is consistent with the substrate being primarily carbohydrate (Fig. 4) . That is, the maximum value of R q /R CO2 possible is Ϸ470 kJ/mol for carbohydrates and Ϸ660 for fats (Gary et al. 1995 , Smith et al. 2000 . Because some of the energy produced in catabolism is used for making biosynthetic products the observed R q /R CO2 value is less than the maximum. If the substrate is carbohydrate, the enthalpic efÞciency thus ranges from 78% (ϭ 1 Ϫ[105/470]) at 0ЊC to 29% (ϭ 1 Ϫ [333/470]) at 35Ð 40ЊC, values in accord with efÞciencies measured on several other organisms (Gary et al. 1995 , Criddle et al. 1997 , Battley 1999 , Smith et al. 2000 . If the substrate was lipid, one would expect the calculated efÞciencies to be much higher, i.e., 84 Ð50%. In the case of H. convergens, the substrate was probably fat body glycogen (Ivanović 1991) .
The calorimetric data show that the critical low temperature is between 15 and 10ЊC and the critical high temperature is between 35 to 40ЊC (Fig.3Ð5) . The optimum temperature range is from Ϸ15 to 25ЊC, i.e., the maximum region in Fig. 5 . In agreement with this, Ives (1981) stated that as temperature increases above 13.6ЊC, food consumption of two coccinellid species, Coccinella californica Mannerheim and C. trifasciata Mulsant, also increased. Miller (1992) observed that below 13ЊC, no larvae of H. convergens survived beyond the third instar and the development period from eggs to adults decreased linearly as the temperatures increased from 17 to 33ЊC. Frazer and McGregor (1992) observed that the survival rate of coccinellids was signiÞcantly lower at 12ЊC than at higher temperatures and noted that no eggs of H. convergens hatched at this temperature. These authorsÕ results are consistent with the results of the calorespirometric data and model. This study develops methods linking respirometry and calorimetry for determining important metabolic parameters in insects. The ability to link measured metabolic parameters to development rate and stress responses conveys no information about species behavioral habits but does provide an indication of total energetic costs for biosynthesis. Both rate and efÞ-ciency data are incorporated into the model and responses to temperature and other environmental variables can be readily studied (Criddle et al. 1997) . Furthermore, these methods may be useful for predicting development rate and examination of altered cell metabolism in response to a wide range of environmental or physiological conditions. Calorespirometry differs from critical thermal maximum (CTMax) studies. CTMax was deÞned by Cowles and Bogert (1944) as "the thermal point at which locomotor activity becomes disorganized and the animal loses its ability to escape from conditions that will promptly lead to its death." In contrast, calorespirometry measures the temperature response, respiration characteristics and energy metabolism of insects across a full range of temperatures including the optimal range. This study demonstrates that calorespirometry can detect the existence of and quantify threshold temperatures and metabolic stress at temperature extremes. Different insect stages and various metabolic activities such as egg laying probably have different developmental temperature thresholds that could be determined by these methods in further studies. Calorespirometric methodology is much faster and can provide much more insight into metabolic responses than direct observation of development times at different temperatures. Direct observation can only show that something happened, but does not provide any information as to why. Measurement of CO 2 and O 2 rates provide more information, but not sufÞcient to calculate anabolic rates or metabolic efÞciency. Measurements of both heat and CO 2 or O 2 rate by calorespirometry allows rapid estimation of developmental temperature thresholds and may allow prediction of times required to complete various stages of an insectÕs life cycle. Such data could clearly be useful in considering how an insect will perform in Þeld-releases for establishment as predators or as beneÞcial insects. Measurements of the respiratory responses should therefore prove to be a valuable aid in determining the correct match between climate and physiological niche for insects of potential economic importance.
